Abstract. High-resolution, large-angle optical beam scanning methods are sought to meet the ever-increasing demands of free-space laser communication, medical imaging and treatment, printers, scanners, and laser radar. We present a precise steering method with high angular resolution and a wide scanning range. The proposed beam-steering device is also lightweight and compact, which are significant advantages in many applications. The scanning is implemented by means of a pair of diffraction gratings, which can be translated relative to one another, and a tunable-wavelength laser. Thus the beam is steered by the combined effect of two independent mechanisms. The agility of wavelength tuning enhances the performance of a grating-based device, while the sensitivity to chromatic aberrations is minimized by performing the coarse steering with the diffraction grating. The system performance is demonstrated experimentally, and the results are reported. To the best knowledge of the authors, We present for the first time a scanning system that includes a combination of a pair of diffraction gratings and a tunable-wavelength laser.
Introduction
At present, lasers are central to state-of-the-art technologies in many fields, such as communication, laser radar, medicine, manufacturing, and scientific research. One of the dominant challenges of many laser-based systems is the demand for accurate beam pointing or scanning over large angular displacement ranges. Traditional methods of beam steering include the use of electro-optic and acousto-optic devices, microelectromechanical systems, liquid crystals, spatial light modulators, and optomechanical arrays, 1-3 but these cannot achieve the accuracy, agility, power efficiency, and wide-range requirements of many modern systems. The dispersive properties of optical components have been exploited for beam steering and scanning in one and two dimensions, including for depth ranging. 4 One of the most versatile dispersive optic elements found in many applications is the diffraction grating. A diffraction grating diverts an incoming beam in accordance with the grating pattern and the wavelength of the incident beam. Yaqoob, Rizvi, and Riza suggested utilizing the wavelength sensitivity of diffraction gratings to implement a wavelength-multiplexed optical scanner, which they called W-MOS. 5 The performance of their novel scanner with no moving parts, based on a tunable laser or a broadband source with a tunable optical filter, has been demonstrated experimentally and displays a scanning range of around 10 deg with a pointing accuracy of 0.06 mrad. 6 In a recent US patent, an interesting and compact linear beam-steering device has been described, based on the relative linear translation of two diffraction gratings. Each is engraved with a different, irregular grating pattern, such that the combined effect of the two gratings is to achieve a wide range of beamsteering angles. 7 In this work, we describe a novel dual-action beamsteering device drawing upon the two last-mentioned methodologies. Two parallel diffraction gratings with variable period grooves are separated by a constant distance. As one grating is displaced transversely relative to the other, which remains static, a large range of divergence angles can be achieved. The scan range and accuracy are further augmented by the presence of a wavelength tuning device. Hence, the beam steering at a given wavelength can be adjusted by displacing the moveable diffraction grating, while at a given position setting of the diffraction grating pair, the diffraction angle can be finely adjusted by changing the incident beam wavelength. The mobile grating translation is implemented using a computer-controlled optical stage.
A simple experiment demonstrates the system performance over a narrow range of wavelengths. Notwithstanding the experimental limitations, the system shows promise as a wide-range, agile, high-resolution optical steering device, which could be useful within an optical wireless communication system or in a laser radar device. Notably, in some applications a wide-angle beam-steering device based on diffraction grating wavelength sensitivity alone would be subject to chromatic aberrations, and hence limited in operation range. An additional example of the applicability of the proposed dual scanning technique would be found in the field of laser radar. A narrow band of wavelengths may be required to evoke scattering and fluorescence responses from probed particulates over a broad spatial expanse. The spatial pointing and scanning could be implemented with the linear beam-steering device, while a scan of probing wavelengths would elicit the fluorescence response.
The rest of this paper is organized as follows: in Sec. 2, we describe the linear beam-steering device covered by the cited US patent and used in our experiments. In Sec. 3, we explain the experimental setup. In Sec. 4, we discuss the experimental results, and in the last section, we draw conclusions.
Theory
A diffraction grating is defined as an optical surface with grooves shaped and spaced to diffract incident light into one or more distinct diffraction orders. The underlying relationship governing the angular deflection of light through a diffraction grating is a function of the incident wavelength and the spacing between grooves d. In our experimental work, we use the angular dependence on both and d to achieve optical scanning with a wider range of deflection angles than could be attained using one variable alone. Increased resolution within the range is obtained by changing one or both of the variables, rendering a flexible and high-performance beam-steering device. Exploitation of the wavelength sensitivity for implementing an optical scanning device is well described in Refs. 5, 6 . We will now expand on the additional dimension of variable groove-spacing 7 as covered by the US Patent. The device for linear beam steering comprises one or more pairs of gratings, or "grating doublets" with parallel lines, different from one other and according to a different mathematical formula. The spacing of the lines in each of the gratings may increase from one edge to the other, or increase from one edge to the center, according to different mathematical formulae, and then decrease to the other end in a symmetrical manner, where the arrangement of the lines in the second grating is in the same direction as that of the first one. The patterns may also be repeated in a cyclic manner. A special feature of the grating functions is that, if we assume that the incident light is a plane wave, all the light is deflected into one single diffraction order, as is shown in Fig.  1 , provided that the grating groove shape is sawtooth and the groove depth corresponds to the 2 phase delay for a primary wavelength. The two gratings in each pair are positioned parallel, one below the other at a certain distance. As the proximal grating is displaced, different sections of the grating are encountered by the incident light. The distal grating is static, but as the proximal grating is displaced, the deflected beam encounters different sections of the distal grating as well. Hence, translation of one grating relative to the other results in an increased angular deviation of the light beam ͑see Fig. 1͒ . The patent 7 claims that the double design is compact, inexpensive, and essentially aberration free and that it has many applications such as scanners for laser range finders, dynamic aiming systems, laser printers and plotters, and many more.
The design analysis is detailed in Ref. 7 but will be briefly explained here. The object of the design is to achieve a continuous and constant scanning function described by ␦ / ␦x ͑see Fig. 1͒. The two gratings, G 1 and G 2 , have parallel grating functions described by 1 ͑x͒, 2 ͑͒ respectively, where x and are the lateral coordinates of G 1 and G 2 . When G 1 is not displaced, the ray incident at a on G 2 originates from the light incident at x a on G 1 and arrives at an angle ␤ a . When G 1 is displaced by ␦x, the ray incident at a on G 2 originates from the light incident at x b on G 1 and arrives at an angle ␤ b ␤ a . Due to this difference in the incident angle on G 2 , the increment in the x coordinate on G 1 , ⌬x, is not simply ␦x. Defining the grating function: simple geometrical considerations, with the doublet separation D normalized to unity, yield the expression:
͑2͒
when is a constant, and the grating function is normalized to render 1 ͑x͒ = sin ␤͑x͒. This differential equation can be solved analytically to give:
where C 0 is the constant of integration and is found from boundary conditions to be zero, and = ␦x / ␦. Hence, we can now express the lateral coordinate of G 1 in terms of its grating function
or alternatively, using Eq. ͑1͒:
However, if deviates from its design value des , the relationship between the sine of the deflection angle and the grating displacement is linearly proportional to the ratio / des . Hence, the sine of the angular deviation is expected to change linearly with operating wavelength at a given grating displacement.
On consideration of the nondisplaced position of G 1 , where the light exits G 2 undeflected, we find that the grating function of G 2 is given by:
Noting that in this arrangement, the relation between and x is = x + tan ␤͑x͒, ͑7͒
we find from Eq. ͑5͒ that = − sin ␤͑͒ = 2 ͑͒.
͑8͒
Hence, we can conclude that the second grating function is given by:
From Eq. ͑8͒, we see that has a lower bound given by the maximum value of , which limits the achievable beamsteering resolution.
Experimental Setup
The laboratory experimental setup is shown in Fig. 2 . The laser beam is collimated and broadened by the beam expander and then impinges normally on the diffraction grating G 2 , which is static. The second grating, G 1 , can be linearly displaced perpendicular to the propagation direction by means of a computer-controlled translation motor. The order of the doublet has had to be reversed due to technical limitations, but the principle of operation is nevertheless demonstrated. It should be borne in mind that significant beam deviation could have been achieved with deviations of tenths of a micrometer, and a piezoelectric actuator could replace the optical stage in future work, as suggested in the patent. A single convex lens focuses the emergent beam onto the image plane. Two independent computer-controlled translation motors translate a steel plate in the image plane in the vertical and horizontal direction, in 20 steps of 100 m so that a total area of 2 mmϫ 2 mm is scanned. A photodiode is affixed to the steel plate and is connected to a power meter so that as the plate is moved, a spatial map of the received power is obtained. The resultant 20ϫ 20 matrix of power measurements is then processed to yield data on the received-power distribution and the position of the center of the diffracted beam. The received power distribution is displayed as a surface plot. The radial distance from the plate origin position to the beam center is given as:
where
. ͑11͒
P i is the power measurement at the i'th displacement from the origin, and N is the number of power measurements in the computation. Since the measured beam power profile was smooth, the measurements obtained at all 20 displacements were taken into consideration to increase the accuracy of the result. The laser wavelength, centered at 650 nm, was tuned to approximately 640 nm and 660 nm.
We manufactured a grating doublet in accordance with the following specifications.
Optical Design and Detailed Specification of the Optical System
• Structure of system and notations as per Preliminary experiments were performed to evaluate the beam steering characteristics of the doublet, and the results are shown in Fig. 3 .
Nine discrete wavelength-grating position settings were investigated, and received-power maps were obtained for the three positions of G 1 ; x =0, x = +1 m, x =−1 m, where ±1 indicates translations to the left and to the right in the plane perpendicular to the propagation axis as seen from the transmitter.
Results and Discussion
A number of difficulties were encountered in implementing the experimental setup. Field stops were placed before G 2 to eliminate the effect of the spatial spread of the beam. The gratings themselves caused significant power loss and introduced distortions to the beam profile due to grating imperfections. As a result, the grating translation was restricted to one step to the right and to the left of the G 1 central position.
The beam spot profiles for three different grating positions are illustrated for one incident beam wavelength in Fig. 4 . We observe that the spot is distinctly shifted when G 1 is displaced. It is also evident that the peak power is reduced by about 75% in both the diffracted beams by comparison with the baseline power profile. This implies a nonconstant diffraction efficiency as the light exits the doublet within the single diffraction mode of ␦.
In Fig. 5 , we can see the beam spot profile for three different incident beam wavelengths when the diffraction gratings are aligned ␦x = 0. It can be seen that the spot position remains essentially central, with slight deviations that became evident when the spot center position was computed. However, the shape of the spot profile changes quite significantly. Furthermore, the received peak power drops to around 65% of its baseline value at the higher wavelength and to approximately 75% of its baseline value at the ϳ640-nm wavelength. These features should be the subject of future research.
In Fig. 6 , we summarize our results, showing the influence of wavelength and grating position on beam position. The y axis represents the displacement of the center of the received spot from the coordinate origin for the three grating positions for each wavelength. The spot center position displacement appears to be linear with grating position for a given wavelength and monotonically changes with wavelength for a given grating position. This feature implies that there is potential for fine tuning of beam pointing when the extra dimension of wavelength tuning is added to the linear beam-steering device described earlier. Likewise, the performance of a wavelength-based scanner such as the W-MOS can be refined by the addition of a two-grating device as described here.
Conclusions
We have described and experimentally demonstrated a dual optical-beam scanner using two variable period diffraction gratings and a laser wavelength tuning method. It appears that the system could form the basis of a versatile, highresolution beam-steering device, which could be implemented simply and compactly. Its small size and light weight make it a particularly attractive solution for aircraftmounted laser radar systems and for intersatellite and satellite-ground communication links. Other technologies, like MEMS, 8 and liquid crystal devices, 9 could be used to steer the laser beam.
